It is possible to ameliorate the Higgs vacuum stability problem by switching over to two Higgs doublet models (2HDM), ensuring a stable electroweak vacuum up to the Planck scale, even though the top quark mass may be on the high side. However, the simultaneous requirements of perturbative unitarity, and also compatibility with collider and flavour data, constrain the parameter space severely.
Introduction
The spin-0 particle of mass around 125 GeV discovered by the ATLAS [1] and CMS [2] collaborations at the Large Hadron Collider (LHC) apparently completes the particle spectrum of the Standard Model (SM).
Moreover, the couplings of this particle to the other SM particles are progressively getting closer to the corresponding SM values. However, issues ranging from the presence of dark matter in the universe to the naturalness problem of the electroweak scale keep alive the hope of finding physics beyond the SM (BSM).
While the search for such new physics remains on, a rather pertinent question is to ask is whether the SM by itself can ensure vacuum stability at scales above that of electroweak symmetry breaking (EWSB). This is because the Higgs quartic coupling evolving via SM interactions alone tends to turn negative in between the Electroweak (EW) and Planck scales, thereby making the scalar potential unbounded from below. This is particularly true if the top quark mass is on the upper edge of its allowed band [3, 4] . While a metastable EW minimum remains a possibility, stabilising the EW vacuum calls for the introduction of additional bosonic fields preferably by extending the SM Higgs sector. A number of scenarios comprising new physics are suggested for retrieving vacuum stability, a representative list of which is [5] [6] [7] [8] [9] [10] [11] . One important demonstration in this context is that stability till the Planck scale is restored, irrespective of the top-mass uncertainty, just by switching over to two Higgs doublet models (2HDM). 2HDMs open up a world of enriched collider phenomenology, CP-violation from the scalar sector and also dark matter candidates in special cases.
However, a challenge faced while alleviating the vacuum instability problem using 2HDMs (or any extended Higgs sector for that matter) is that the quartic couplings so introduced tend to become nonperturbative while evolving under renormalisation group (RG). A balance between these two extremes is struck through judicious boundary conditions, which in turn leads to strong constraints on the masses and mixing angles. Elaborate accounts of this can be found in recent works. Two important points emerge from such studies. First, the spectrum of the non-standard scalars allows for only a small splitting. Secondly, the couplings of the 125 GeV Higgs with gauge bosons should have rather small deviation from the SM values.
On the other hand, the gauge interactions of the non-standard scalars become suppressed.
In this work, we aim to investigate the observability of a 2HDM at the present [12] [13] [14] [15] [16] [17] [18] [19] [20] and upcoming colliders [21, 22] within the parameter region that allows for high-scale validity (including both vacuum stability and perturbativity). This could turn challenging since the search prospects could be severely inhibited by the constraints. For instance, to discern a 2HDM from the SM background through resonances, fully reconstructible final states need to be looked at. The corresponding event rates tend to be small, owing to the constraints on the interaction strengths that come from demanding the dual requirement of high scale vaccum stability and perturbative unitarity. Moreover, removal of the backgrounds requires event selection criteria which further lower the signal strength.
To be more specific, the CP-even heavier neutral Higgs could lead to a four-lepton cascade at the LHC via the ZZ state. Side by side, the CP-odd scalar leaves its signature in the completely reconstructible channel hZ where h denotes the SM-like Higgs. The two final states mentioned above are indicative of the opposite CP-properties of the decaying Higgses, which from our requirement, are destined to have closely spaced masses. We adopt a cut-based analysis to calculate the statistical significance in the respective signals.
We perform this analysis for both Type-I and Type-II 2HDM. The allowed parameter space for the latter scenario is obtained via extensive investigation in reference [23] . For the former, though an analysis is found in [24] , for the sake of completeness, we present a set of results here that go beyond what has been reported.
One defines tanβ = v2 v1 . In such a case, the scalar spectrum consists of a pair of neutral CP even scalars (h, H), a CP odd neutral scalar (A) and a charged scalar (H + ). The mass matrices are brought into diagonal form by the action unitary matrices comprising of mixing angles α and β. This scenario in general allows for CP-violation in the scalar sector [26] [27] [28] , through the phases in m 12 and λ 5 . However, this would lead to a contamination of our proposed search channels due to interfernece efects coming from H − A mixing.
Thus we restrict ourselves to a CP conserving scenario only.
A particular fermion generation can couple to both Φ 1 and Φ 2 in a 2HDM without violating the gauge symmetry. However, this leads to flavour changing neutral currents (FCNC) mediated by the Higgses, which are tightly constrained by experimental data. A manner to annul the FCNCs is to adhere to specific schemes of Yukawa interations [29, 30] , that are consequences of discrete symmetries. A example is the Z 2 symmetry under which Φ 1 → −Φ 1 and Φ 2 → Φ 2 . This demands m 12 , λ 6 , λ 7 = 0. Assigning appropriate Z 2 charges to the fermions gives rise to the celebrated Type-I and Type-II models [25] . While the primary motivation of the above is to suppress flavour changing neutral currents (FCNC) [31] [32] [33] , it reduces the number of free parameters in the Yukawa sector. 1 This also simplifies the expressions for the one-loop beta functions. Note that one could introduce Z 2 violation in the scalar potential only. This would ultimately lead to FCNC, however which would be radiatively suppressed. In this study, we consider both the cases of an exactly Z 2 symmetric 2HDM, and one that violates it in the scalar potential.
We choose {tanβ, m h , m H , m A , m H + , m 12 , c β−α , λ 6 , λ 7 } as the set of independent input parameters. The rest of the quartic couplings are expressed in terms of which for convenience. With v = 246 GeV and writing c α = cosα, s α = sinα, the remaining couplings can be expressed as
The mass parameters m 11 and m 22 in the scalar potential are traded off using the EWSB conditions. A given set of input parameters serves as boundary conditions for λ i for the analysis using RG equations. While carrying out the analysis, several constraints coming from both theory and experiments must be satisfied.
Perturbativity, unitarity and vacuum stability
For the 2HDM to remain a perturbative theory at a given energy scale, one requires |λ i | ≤ 4π (i = 1, . . . , 5) and |y i | ≤ √ 4π (i = t, b, τ ) at that scale. This translates into upper bounds on the model parameters at low as well as high energy scales.
The matrix containing 2→2 scattering amplitudes of longitudinal gauge bosons can be mapped to a corresponding matrix for the scattering of the goldstone bosons [35] [36] [37] [38] , by virtue of the EW equivalence theorem. The theory is deemed unitary if each eigenvalue of the aforementioned amplitude matrix does not exceed 8π. The expressions for the eigenvalues are given below.
4a)
4c)
4e)
When the quartic part of the scalar potential preserves CP and Z 2 symmetries, the aforementioned eigenvalues are discussed in [35, 36, 39] .
Demanding high-scale positivity of the 2HDM potential along various directions in the field space leads to the following conditions on the scalar potential [25, [40] [41] [42] :
vsc1 :
Meeting the above positivity criteria at each scale of evolution effectively rules out deeper vacua at high energy scales.
In addition to the above, the spliting amongst the scalar masses is restricted by invoking the T -parameter constraint. We have used ∆T = 0.05 ± 0.12 following [43] , where ∆T measures departure from the SM contribution. We have filtered all points in our parameter space through the above constraints and retained only those points that negotiate it successfully. Measurement of the rate for b → sγ leads to m H + ≥ 480
GeV in case of the Type-II 2HDM [44, 45] . In case of Type-I, there is no such lower bound. The constraint m H + ≥ 80 GeV originating from direct searches however still persists.
3 Type-I 2HDM: Allowed parameter space for stable vacuum
We start by completing the existing studies [23, 24, 46, 47] on the parameter space allowing for high scale vaccum stability and perturbativity for a Type I 2HDM. A corresponding discussion for the Type-II 2HDM
can be seen in [23] . We fix m h = 125 GeV and M t = 175 GeV, the rest of the parameters are generated randomly in the following ranges. 
The generated values of the masses and mixing angles are translated to the basis of the quartic couplings using Eqs. 2.3a to 2.3e.
The strong correlation among the masses, namely m H m A m H + , is revealed from Fig. 1 . This itself can be traced back to Eqs. 2.3a to 2.3e. Any large mass gap results in giving large values for λ i at the EWSB scale itself, such that they turn non-perturbative rather early in the course of evolution. This feature is also corroborated in [24] . It is important to note that the mass-splitting depends, albeit weakly, on the chosen value of tanβ. For instance, in case of tanβ = 2, the maximum splitting allowed is 4 Signals at the LHC: Types I and II.
The previous section illustrates that higher the UV cutoff of a 2HDM is, tighter become the mass-splitting and the bound on |cos(β − α)|. Such a constrained scenario makes its observability at the LHC a rather challenging task, as also emphasized in section 1. In particular, if we probe H and A via their decays into recontructible final states, then the invariant mass distributions of the decay products would coincide.
However, probing H and A in reconstructible but distinct final states could enable one to tag the CP of the decaying boson. Given that, we propose the following signals:
We have implemented the model using FeynRules [51] . The generated Universal FeynRules Output (UFO) files are then fed to the Monte-Carlo (MC) event generator MadGraph [52] for generation of event samples. The parton-showering and hadronisation is carried out in the PYTHIA-6 [53] framework. We simulated H and A production through the gluon-gluon fusion (ggF) channel using the CTEQ6L1 parton distribution functions. This is because ggF offers higher rates compared to other channels. The renormalisation and factorisation scales have been set at m H and m A for the first and second signals respectively. We mention in this context that detector simulation and analysis of the events were done using Delphes [54] .
For simulating the proposed final states, we hold m H and m A fixed and scan over the remaining input quantities. From the randomly generated parameter sets, we select an illustrative assortment of benchmark points (Table 1) to highlight the main findings of the analysis.
The benchmarks are distict from another vis-a-vis RG evolution patterns. While choosing them, it was ensured that the UV-cutoff of a given benchmark does not change upon switching between the Type-I and Type-II models. For instance, in the case where λ 6 = λ 7 = 0, BP1b, BP1b, BP3c, BP4c and BP5c are conservative input sets ensuring a stable vaccum and a perturbative model till ∼ 10 19 GeV. This can be read from the small values of |cos(β − α)| characterizing them. The other benchmarks are however not that conservative, but stil they manage to stabilise the vaccum till at least 10 11 GeV. Likeweise, BP3b and BP4b are included to estimate the statistical significance of scenarios valid till 10 14 GeV. For a given set of couplings, elevating the masses of H and A progressively diminishes the intensity of the signals, and, also narrows the allowed band of |cos(β − α)|. The choice of the benchmarks is thus guided by the aim to understand the maximum m H , m A as well as the highest UV cut-off up to which the scenario can be experimentally observed.
H 2 is produced through gluon fusion and decays to two on-shell Z bosons. We look for a final state where the Z bosons subsequently decay into four leptons [55] . The dominant background for this process comes from ZZ( * ) production. Taking into account subleading contributions from the Zγ and γγ channels and Table 1 : Benchmarks chosen for simulating the proposed channels. We have taken m h = 125 GeV and tanβ = 2.5 throughout. Any higher tanβ would to a lower ggF rate and so was not chosen.
multiplying by appropriate next-to-leading order (NLO) K-factors [52] , the total background cross section is 42 fb. Some basic cuts, as listed below, were applied during event generation.
Basic-cuts:
• All leptons have a minimum transverse momentum of 10 GeV, p l T ≥ 10 GeV.
• Pseudorapidity of the leptons must lie within the window|η l | ≤ 2.5.
• All possible lepton-pairs are resolved using ∆R ll > 0.3.
We multiply the ggF cross sections of H production by an NLO K factor of 1.5. The cuts listed below were further imposed.
Selection cuts:
• SC1: The invariant mass of the final state leptons lie within the window m H − 15 GeV ≤ m 4l ≤ m H + 15 GeV.
• SC2: The transverse momenta of the leptons lie above the thresholds p
• SC3: Transverse momenta of the reconstructed Z-bosons satisfy p
We take p For m H > 500 GeV, the leading and the subleading leptons are strongly boosted, thus having a good probability of suviving the strong p T cuts. In addition, appropriate cuts on the p T of the Z-bosons also contributes towards improving the signal-to-background ratio. Denoting the number of signal and background events as N S and N B at a given integrated luminosity (L), the statistical significance or the confidence limit (CL) is defined as CL = and respectively denote the number of events L = 100(3000) fb −1 . Besides, CL 100(3000) denotes the confindence level at L = 100(3000) fb −1 . Tables 2 and 3 contain the estimated CL for all the benchmarks. The following features thus emerge:
(i) The statistical significance diminishes as m H is increased. This is due to two reasons. First, the ggF cross section for a single H drops. Secondly, the higher is m H , the smaller is the upper limit on |cos(β − α)| consistent with high scale stability, and hence, the lower is the H → ZZ branching ratio.
(ii) Type-I 2HDM offers a marginally higher significance as compared with Type-II. This is entirely attributed to the persistence of a slightly higher H → ZZ branching ratio in Type-I.
(iii) For m H 350 GeV, an integrated luminosity of 100 fb −1 is sufficient to yield a 3σ significance.
(iv) To observe an H of mass around 500 GeV that originates from a 2HDM valid till 10 19 GeV with a minimum of 3σ confidence level, one needs to gather 3000 fb −1 of data at the LHC. The statistical signifiance decreases for higher masses. In short, the observability of a given H can be improved by either lowering m H and holding the UV cutoff fixed or vice versa. This interplay is illustrated in Fig. 2 and Fig. 3 . and respectively denote the number of events L = 100(3000) fb −1 . Besides, CL 100(3000) denotes the confindence level at L = 100(3000) fb −1 .
For m H = 550 GeV, on the other hand, a 2HDM (of either Type-I or Type-II) cannot be be extrapolated beyond 10 11 GeV if a 3σ statistical significance has to be maintained. This is confirmed by an inspection of We examine the prospects of reconstructing A through the proposed l + l − bb final state in the following section.
pp −→
In the absence of CP-violation (as assumed here), the hZ pair production points towards a CP-odd parent particle [56] , and a peak in the invariant mass close to the afore mentioned ZZ peak should be the somking gun signal of the near degeneracy of a scalar and a pseudoscalar. However, pp −→ tt generates the dominant background for this final state. Subleading contributions come from the production of ZW W and Zbb. Similar to the previous analysis, we adopt a K-factor = 1.5 for pseudoscalar production for all the benchmarks.
The following cuts are applied during event-generation.
Basic cuts:
On applying the above cuts, the NLO background cross section turns out to be 32 pb. The following cuts are imposed for an efficient background rejection.
Selection cuts:
• C1: The invariant mass of the leptons satisfy 85.0 GeV ≤ m ll ≤ 100 GeV. • C2: The invariant mass of the b-jets satisfy 95.0 GeV ≤ m bb ≤ 155 GeV.
• C3: The scalar sum of the transverse momenta of the leptons and b-jets satisfies l,b p T > ( l,b p T ) min .
• C4: An upper bound on the missing transverse momenta, E T ≤ 30 GeV.
• C5: The invariant mass of the 2l − 2b system lies within the range m A − 30 GeV ≤ m llbb ≤ m A + 30
GeV.
• C6: p T of the reconstructed Z-boson satisfies p The selection cuts involve reconstructing the invariant masses of not only the decaying A, but also of the Z and the h, appropriately in each case. A lower limit on the scalar sum of the p T of the leptons and the b-hadrons also aids in incresing the significance. All the E T in the signal is generated from mis-measurement of the momenta of the visible particles, thus generating a soft missing E T distribution. On the other hand, the corresponding background has a harder p T spectrum since the tt and ZW W chennels always lead to neutrinos in the final state. Therefore, a suitable upper bound on the missing transverse energy reduces a portion of these backgrounds.
In this channel, too, Type-I fares slightly better than Type-II, much due to the same reason outlined in preceding discussion. In this channel, The statistical significance of BP1-5 is also enhanced w.r.t the 4l case, albeit marginally. The confidence level corresponding to m A = 500 GeV looms around 3σ, for both Type-I and Type-II.
A clearer picture regarding the observability of an A of masses 500 GeV and 550 GeV emerge upon inspection of Fig. 4 and Fig. 5 respectively. We display the 5σ contour as well in case of the l + l − bb channel.
For m A = 550 GeV with non-zero λ 6 and λ 7 , the l + l − bb channel offers sensitivity at the level of 3σ for a scenario valid till 10 14 GeV or even higher. On the contrary, the corresponding cut-off cannot be pushed above 10 11 GeV if one demands similar observability in case of the 4l final state from H-decay. Overall, a violation of the Z 2 symmetry via λ 6 and λ 7 aids to the effort of observing a 2HDM valid up to high cut-off scales.
It is mentioned that the analysis for this channel is subject to uncertainties, albeit small, that are introduced while estimating the background cross section. Upon considering the errors in the tt production rates and the background NLO K-factors [52] , the total background cross section can deviate up to ±20%.
This, however, does not modify the overall conclusions made in this section.
Prospects at other colliders
With the prospects of observing non-standard scalars with masses above the 500 GeV range at the LHC turning bleak, we resort to future lepton colliders for better observability. These include not only the e + e − colliders, but also a muon collider [22] . The principal heavy Higgs production channels at the e + e − machine are those of associated production (VH) and Vector-Boson-Fusion (VBF) [57] . The production rate in both of these modes is controlled by the value of cos(β − α). As elaborated in the previous sections, cos(β − α) is tightly bounded by the requirement of a stable vacuum till the Planck scale. In addition, the maximum √ s proposed for the ILC is 1 TeV [58] which hampers a probe of heavy scalars due to kinematical limitations. For instance, the VH production cross section for an H of mass 600 GeV could be at most 0.01 fb in a ILC with √ s = 1 TeV. This does not result in the requisite signal significance when the backgrounds are estimated and the cut efficiencies are folded in.
µ + µ − collisions and radiative return
A particularly interesting process in a muon collider is one of radiative return (RR) [59] , where one does not need to know the mass of the resonantly produced scalar precisely. In our context, the processes under consideration are
Note here that H/A can be produced in association with a γ in t-channel µ + µ − annihilations. When the center of mass energy of the muon collider is above the heavy resonance, the photon emission from the initial state provides an opportunity to reconstruct the mass of the heavy scalar or pseudoscalar. For this, one need not know the mass of the (unknown) heavy resonance. and respectively denote the number of events with L = 100(3000) fb −1 . Besides, CL 100(3000) denotes the confindence level at for L = 100(3000)
and other visible products exhibiting an invariant mass peak. The closer is the mass of the heavy scalar to the centre-of-mass (COM) energy of µ + µ − collisions, the higher the cross section.
Thus tagging a heavy scalar state from invariant mass peak of its decay product can help us in reducing the background and increasing the statistical significance. Moreover, in order to obtain information on the CP of the heavy resonance, the CP-even and the CP-odd states must be allowed to decay in different final states following their production through RR. We can propose H −→ ZZ −→ 4l and A −→ hZ −→ l + l − bb, which resemble the signals studied in the previous sections, and distinguish the cP-even scalar from the CP-odd one. In order to study the observability of the benchmarks BP3a -BP5c in RR, we choose the COM energy of the µ + µ − collisions to be just 10 GeV above m H , in each case. For BP3a, the RR cross section for H production is 1.3 fb for a Type-II 2HDM. Upon multiplying by the branching ratios corresponding to H → ZZ and Z → ll, the corresponding cross section for the 4l + γ final state turns out to be O(10 −4 ) (fb).
The cross section for the l + l − bb + γ final state could still be O(10 −3 ) (fb). However, it will ultimately get reduced when kinematical cuts are applied. In a Type-II 2HDM, though the µµH coupling is proportional to tanβ, opting for a higher value of tanβ does not help in this regard, since in that case, the allowed value of |cos(β − α)| decreases owing to the demand of validity till high scales (see Fig.) . This diminishes the H → ZZ and A → hZ branching ratios, and ultimately, leads to further lower rates. The other BPs too predict negligibly small RR rates for both Type-I and Type-II. With such meagre RR rates in 4l + γ as well as l + l − bb + γ channels, chances of observing the heavy resonances are obliterated.
Still promising could the fermionic decay channels of H/A in this regard. For instance, the bbA coupling in a Type-(I)II 2HDM is proportional to cotβ(tanβ) and for sufficiently small |cos(β − α)|, the fermionic couplings of H and A are nearly equal. The advantage of a muon collider over the LHC is that the bb final state can rise above the background more effectively. As we shall see below, this enhances the mass reach.
One can thus probe the observability of the heavy scalars in the µ
It is readily seen that for tanβ > 1, Type-II has higher production rates of H/A through RR compared to Type-I. This could give a handle in distinguishing between Types I and II. Therefore, to test the potency of RR in the H/A → bb mode, we tabulate two additional benchmarks, as shown in Table 6 . respectively. We take 500 GeV and 1 TeV to be COM energy for these two cases. Accordingly, √ s − m H/A is maintained around ∼ 7 GeV to maximize the efficiency of the radiative return mechanism. In addition, we have purposefully chosen a somewhat large value for tanβ to elevate the H/A production rate to the order of 10 fb. Moreover, we also get a sizeable branching ratio for the H/A → bb channel for both BP6 and BP7
(> 70%).
The SM background comes from the processes µ + µ − → bb and µ + µ − → bbγ. The cut, m H − 30 GeV < m bb < m H + 30 GeV on the invariant mass of the b-pair is imposed. The softness of the photon in the case of RR can be exploited to reduce the background by putting an upper bound on the photon p T , which we take to be 30 GeV. Effects arising out of smearing the photon-energy are small, so we keep the photon-energy same as the simulated value. The confidence levels obtained for BP6 and BP7 are listed in Table 7 . and respectively denote the number of events L = 500(1000) fb −1 .
Besides, CL 500(1000) denotes the confindence level at L = 500(1000) fb −1 . Table 7 shows that it is possible to experimentally observe an H as heavy as 1 TeV through radiative return. The corresponding signal rates are almost identical for a near degenerate A decaying to bb, and thus, are not separately shown. Thus, radiative return in the bb channel does succeed in predicting abundant signal events in case of heavy scalars. This is reflected by a sizable statistical significance of ∼ 5σ that can be obtained in case of a scalar of mass 1 TeV when the µ + µ − machine is operated at an integrated luminosity of 1000 fb −1 . More importantly, this is found to be in perfect agreement with high-scale stability and perturbativity up to M P l . However in this channel, one faces the difficulty in distinguishing between a bb resonance that comes from an H and one coming from A. This is in sharp contrast with the results obtained in case of the 14 TeV LHC. Over there, though the CP of the scalar can be tagged, its observability does not exceed 3σ in terms of confidence level for masses beyond 500 GeV.
6 Summary and conclusions.
By virtue of the additional bosonic fields, a 2HDM ensures the stability of the EW vacuum till a cut-off scale all the way up to the Planck scale. This holds true even after switching between the Type-I and Type-II cases. However stringent constraints apply on the parameter space in the process. This is especially true when vacuum stability and perturbative unitarity are demanded up to the Planck scale. Then, the couplings of the non-standard scalars to other bosonic states become very small because of suppressed cos(β − α). In addition, the mass spectrum of the non-standard scalar bosons becomes quasi-degenerate. These constraints limit the observability of such a 2HDM at colliders.
We have studied in detail the interplay between high-scale validity and the discernability of the scenario at the LHC and at a future muon collider. In the LHC, signatures of the the CP-even boson H and CP-odd boson
A are studied through their decays into the 4l and l + l − bb channel respectively. The search turns challenging due to the stringent upper bound on cos(β − α). A sizable signal significance demands an upper bound on tanβ, contrary to high scale validity constraints, where no such bound is predicted. An analysis at the 14
TeV LHC including detector effects reveals that H and A of masses around 500 GeV can be simultaneously observed in their respective channels with at least 3σ confidence when the integrated luminosity is 3000 fb −1 .
The observability improves upon de-escalating the cut-off scale, attaining 5σ statistical significance becomes possible when the cut-off is near 10 11 GeV.
Radiative return at the muon collider yields sizable production rates of H or A. We have studied the observation their prospects through their subsequent decay to the bb final state. Contrary to the results obtained for the LHC, the µ + µ − machine can lead to a 5σ statistical significance even if the scalar mass is 1
TeV. Thus a certain complimentarity of roles between the LHC and a muon collider is noticed. The former has relatively lower mass reach but clearly differentiates the H-peak from the A-peak, while the latter loses this distinction by being forced to look at the bb decay mode, though up to higher (pseudo)scalar masses.
